The effect of dietary riboflavin (B2) supplementation and selenium (Se) source on the performance and Se metabolism of weanling pigs was studied. Pigs fed a B2-supplemented (10 mg/kg) casein-glucose diet for 18 d gained faster than pigs fed the B2-unsupplemented diet. Percentage active erythrocyte glutathione reductase (GR) declined rapidly when pigs were placed on the B2-unsupplemented diet and was lower (P<.01) than that of B2-supplemented pigs after 12 d on test. Percentage active erythrocyte GR values fell below 50% before other B2 deficiency signs became evident. Supplementation of diets with 10 mg B2/kg resulted in increased kidney and muscle glutathione peroxidase (GSH-Px) activity. The Se concentration of liver and heart increased and plasma Se levels decreased with dietary B2 supplementation. Riboflavin supplementation and Se source did not alter apparent Se absorption, but B2 supplementation decreased urinary Se and thus increased Se retention. Also, there was less urinary Se excretion when selenomethionine was the dietary Se source and consequently more Se was retained than when sodium selenite was the dietary Se source. In a final trial, B2 supplementation increased kidney, muscle, heart and brain GSH-Px activity when sodium selenite was the dietary Se source, but not when selenomethionine was the dietary Se source.
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Introduction
The selenium-dependent glutathione peroxidase (GSH-Px; EC 1.11.1.9) system, which is vital for protection against tissue peroxidation in the pig (Brady et al., 1979) , requires the following nutrients: selenium (Se) as a component of GSH-Px, the sulfur amino acids in the form of cysteine in glutathione (GSH), riboflavin (B2) in flavin adenine dinucleotide (FAD) for glutathione reductase (GR; EC 1.6.4.2) activity and niacin as a component of reduced nicotinamide adenine dinucleotide phosphate (NADPH). Unsupplemented corn-soybean meal swine diets in Michigan are deficient in B2 and Se (Miller et al., 1975) . Brady et al. (1979) reported decreased hepatic GSH-Px activity and decreased hepatic Se concentration in young pigs on B2-deficient diets. Erythrocyte GR activity but not hepatic and muscle GR activity was increased by B2 supplementation. Increased tissue Se levels have been reported by Mahan and Moxon (1978) and Mandisodza et al. (1979) when organic Se sources rather than sodium selenite were used in swine diets. Groce et al. (1973) found that pigs excreted less Se in urine when the dietary Se source was seleniferous corn instead of selenite.
Four trials were conducted to study further the effects of B2 supplementation and Se source on absorption and metabolism and on facets of the GSH-Px system.
Materials and Methods
Trial 1. Eight 1-wk-old pigs weighing 2.84-+ .19 kg (,X -+ SE) were randomly allotted to either the B2-deficient diet shown in fProvided per kg diet: .1 mg Se as Na~SeO 3 and 2 nig Cr as CrC13,6H20.
Se-Cr premix. Sodium selenite was used as the Se source. The B2-unsupplemented diet contained .17 ppm Se and the B2-supplemented diet contained .20 ppm Se by analysis. Pigs fed the B2-supplemented diet were pair-fed with pigs fed the B2-deficient diet. Feeding was done twice daily and pigs were trained to consume rapidly a mixture of equal weights of diet and water.
Pigs were weighed and blood samples taken every 3 d for 12 d. Erythrocytes obtained by centrifugation and washed three times in icecold saline (.9% NaC1) were used for determination of percentage active GR. After 18 d on the diets all pigs were killed. Liver, kidney, heart, muscle, brain and erythrocyte samples were frozen for GSH-Px and GR activity assays 9 s Calbiochem-Behring Corp., LaJolla, CA.
Liver, muscle, heart, brain and plasma samples w. ere taken for Se analysis.
Liver, kidney, heart, muscle and brain samples were homogenized in isotonic saline and centrifuged under refrigeration for 30 min at 20,000 • g to obtain the cytosotie fraction for enzyme activity determinations. Erythrocytes were hemolyzed in double strength Drabkin's solution for enzyme assays.
Glutathione peroxidase activity was determined by the method of Paglia and Valentine (1967) using hydrogen peroxide as the substrate. Glutathione reductase activity was determined by the method described by Glatzle et al. (1970) . Total GR activity was determined by saturating the reaction mixture with FAD and incubating at 37 C for 7 min before the start of the reaction. Selenium concentrations were determined by a modification of the Olsen method (Whetter and Ullrey, 1978) .
Trial 2. Eight 1-wk-old pigs weighing 2.75 + 9 15 kg were randomly allotted to a B2-deficient or a B2-supplemented diet containing 10 mg of supplemental B2/kg of diet. The diets used in trial 2 were the same as the diets used in trial 1, except the Se source was DL-selenomethionine s. The B2-deficient diet contained .50 ppm Se and the B2-supplemented diet contained .54 ppm Se by analysis. All other procedures in trial 2 were the same as in trial 1.
Statistical analysis of data from trials 1 and 2 was done as a 2 • 2 factorial arrangement. The main effects were trial and B2 supplementation. Selenium source and trial were confounded. Significance was determined using the F-test (Gill, 1978a) . Erythrocyte total, active and percentage active GR activities were analyzed as a split-plot design (Gill, 1978b) .
Trial 3. Twelve 3-wk-old pigs weighing 5.6 + 9 13 kg were randomly allotted to a Se balance study. The main effects of the study were B2 supplementation and Se source. The pigs were fed three times/d in individual feeding cages and were returned to individual collection cages as soon as they completed the meal. Seventyfive grams of a basal diet, which was similar to the diet in table 1 but contained no supplemental Se or B2, were fed each morning 9 A 25-g meal containing .11 mg of Se as sodium selenite or selenomethionine and 0 or 2 mg of supplemental B2 was fed each day at 1200 h. Treatment diets were mixed by adding B2 and Se to the chromium premix. A third meal of 50 g of the basal diet was fed in the evening. This approach was taken to minimize the problems associated with the decreased feed intake of pigs on the B2-deficient diets that was experienced in trials 1 and 2. Each meal was mixed with an equal part of water and pigs were trained to rapidly consume the slurry. After a 9-d adaptation period, a 3-d total urine and fecal collection was made on each pig. Feces were dried in a drying oven, weighed and ground for Se analysis. Urine was weighed and an aliquot was taken for Se analysis. All urine, feces and feed Se concentrations were determined by a modification of the Olsen method (Whetter and Ullrey, 1978) .
Trial 4. Sixteen pigs weighing 4.74 + .50 kg, that had been weaned and started on a cornsoybean meal diet for 1 wk, were randomly allotted to a 2 • 2 factorial experiment. The main effects were B2 supplementation (0 or 2 mg/d) and supplemental Se source. Because data on Se retention in pigs fed B2-supplemented diets in trial 3 indicated that the Se from the sodium selenite-supplemented diet was only 67% as available as Se from the selenomethionine-supplemented diet, the supplemental Se intake as selenomethionine was 67% of the supplemental Se intake from sodium selenite in trial 4 (.12 mg/d as selenomethionine or .18 mg/d as sodium selenite). Total daily Se intakes were .13 and .19 mg for pigs fed the selenomethionine-supplemented diet and the sodium selenite-supplemented diet, respectively. Pigs were fed for 14 d by the system described in trial 3. On the 15th d all pigs were bled, and serum samples were obtained for Se analysis and erythrocytes were obtained to determined the percentage active GR. Pigs were then killed and liver, muscle, kidney, heart and brain samples were frozen for Se, GSH-Px activity and GR activity determinations. The methods were the same as those described in trial 1.
Data from trials 3 and 4 were analyzed as 2 • 2 factorials (Gill, 1978) . The main effects were Se source and B2 supplementation.
Results and Discussion
Trials I and 2. Pigs fed diets supplemented with 10 mg of B2/kg of diet gained faster (116 vs 74 g/d, P<.01) than pigs fed the B2-unsupplemented diets after 18 d on the trial. Krider et al. (1949) and Forbes and Haines (1952) reported an increase in gains of starter pigs with B2 supplementation of diets. Miller et al. (1954) reported an increase in gain with increasing B2 supplementation up to 3 mg/kg. Feed efficiency was improved by B2 supplementation in studies of Krider et al. (1949) and Miller et al. (1954) .
Riboflavin supplementation decreased actual liver weight (P< .07) and liver weight as a percentage of body weight (P<.01 ; table 2). Also, pituitary weight was decreased (P<.08) by B2 supplementation. Heart (P<.03) and brain (P<.02) weights were increased by supplemental dietary B2, but when expressed as a percentage of body weight there was no consistent trend.
Active erythrocyte GR values (table 3) and percentage active GR values (table 3) were lower (P<.01) for pigs fed the B2-unsupplemerited diets. This depression in activity has been described in rats (Glatzle et al., 1968) , humans (Glatzle et al., 1970) and pigs (Brady et al., 1979) . However, Brady et al. (1979) reported that percentage active erythrocyte GR plateaued at 75% when pigs were fed 4 mg of B2/kg of diet. The values reported here for pigs fed the supplemented diet were lower than that value and were considerably lower than the 80% value suggested by Glatzle et al. (1970) as a minimum percentage active erythrocyte GR for human subjects on B2-sufficient diets.
There was a decline in total (P<.01), active (P<.01) and percentage active (P<.02; table 3) erythrocyte GR activity with time. However, more importantly, there was an interaction of time and B2 supplementation for active (P< .01) and percentage active (P<.09) erythrocyte GR activity. During the course of the study, active erythrocyte GR activity was maintained close to the initial activity for pigs fed B2-supplemented diets, but active erythrocyte GR activity was lowered by feeding unsupplemented diets. The percentage active erythrocyte GR generally declined throughout the study for pigs fed the B2-unsupplemented diets, while values for pigs fed B2-supplemented diets did not change or increase slightly. These resuits were expected because active erythrocyte GR activity in the pig has been shown to be responsive to dietary B2 (Brady et al., 1979) . Furthermore, the active erythrocyte GR activity responds very rapidly to the lack of dietary B2. Baker et al. (1966) reported that the clearance of circulating B2 was very rapid. In subjects judged to have adequate circulating B2, the half-time for clearance of a 5-mg dose of B2 was 14 rain, but subjects with low circulating B2 cleared one-half of the dose in 6 min. They indicated that the increased clearance in deficient patients was due to greater avidity of tissue for administered B2.
Supplementation of diets with B2 resulted in a 22% increase (P<.12) in liver GSH-Px activity (table 4) and an increase in erythrocyte GSH-Px activity (P<.02). However, B2 supplementation lowered kidney (P<.04) and muscle (P<.08) GSH-Px activity. Glutathione peroxidase activities of heart and brain were not affected by level of B2 in the diet. Plasma Se concentration (table 4) was decreased (P<.05) by B2 supplementation, while liver (P<.ll) and heart (P<.01) Se concentrations were increased. The Se concentrations of muscle and brain were not affected by B2 supplementation. There was an interaction (P<.08) of trials and dietary B2 on heart Se concentration. Pigs in trial 2 fed selenomethionine as a supplemental Se source tended to accumulate Se in heart tissue when the diet was supplemented with B2.
Percentage active erythrocyte GR was increased (P<.01) by feeding the B2-supplemented diets for 18 d. Values at the end of the Brady et al. (1979) for pigs on an adequately supplemented diet (table 4) . Also, brain GR activity was increased (P<.04) by dietary supplementation with B2. In trial 1, muscle GR was not affected by B2, but in trial 2 when selenomethionine was fed, muscle GR activity was decreased (P<.05) by B2 supplementation. Heart GR activity was elevated when diets were supplemented with B2 in trial 1, but activity was depressed by supplementation in trial 2 (P<.01).
The effects of B2 supplementation on liver Se content, GSH-Px activity and GR activity are generally in good agreement with the trends reported by Brady et al. (1979) . They reported more variable results with these measurements in muscle, but the present data show trends similar to those that they reported.
Trial 3. During the 3<1 collection period, Se intakes ranged from 110 to 116/gg/d (table 5) . There was no effect of either dietary treatment (supplemental B2 or Se source) on fecal Se concentration and excretion, and consequently apparent Se absorption was not affected. Urinary Se excretion (P<.01) was generally decreased when selenomethionine instead of sodium selenite was used as the Se source. AS a result, more SE was retained (P<.O1) when selenomethionine was used. It seems from these data that more of the absorbed Se from selenomethionine is incorporated into tissues than from sodium selenite. Groce et al. (1973) reported that a smaller proportion of ingested Se was excreted in urine when seleniferious corn was fed as a Se source instead of sodium selenite. In both studies higher fecal Se losses were reported when seleniferous corn was fed instead of sodium m selenite. However, Groce et al. (1973) reported ~, a decrease in fecal Se loss when the seleniferous corn diet was supplemented with vitamin E.
:~ The Se content of muscular tissues was _~ higher in pigs fed diets in which the Se sources Z were distillers grains or fish meal than in pigs fed corn-soybean meal diets containing sodium selenite (Mahan and Moxon, 1978) . Mandisodza Z et al. (1979) reported higher kidney, liver, Z and skeletal muscle Se concentrations when o seleniferous white clover was fed rather than < ~-sodium selenite. The metabolic significance of Z-; the higher retention of Se from organic sources :~ is not clear, because Wang and Spallholz (1980) ~, reported that selenomethionine restored rat ~ liver GSH-Px activity much more slowly than ~ z z5 selenite or high Se yeast in Se-depleted rats. ~ Yet, Schwartz and Foltz (1958) reported that ~ sodium selenite and DL-selenomethionine had ~ similar factor 3 activity in rats. Recently, and Hoekstra (1980) have shown with per-~ fused rat liver that selenite and selenide are ~ metabolically closer than selenocysteine to the < Z immediate Se precursor used for GSH-Px synthesis. In another study, Sunde et al. (1981) reported that low dietary methionine levels decreased the biopotency of selenomethionine in rapidly growing rats. a, Riboflavin supplementation did not signifi-t~ candy affect the apparent absorption of Se. However, it did decrease the urinary Se loss ~q (P<.09) and concomitantly increased the appar-,d ent retention of Se (P<.06; table 5). Riboflavin supplementation seemed to improve the efficiency of Se incorporation into body tissues. Tappel (1978) has proposed that GR reduces selenite to hydrogen selenide, which is .then incorporated into protein to form GSH-Px. Because FAD is a cofactor for GR, this mechanism may be responsible for the increase in Se retention when diets were supplemented with Bz. However, because Tappel (1978) has suggested that selenomethionine is converted to selenocysteine before being incorporated into GSH-Px and because there was no significant interaction of B2 supplementation and Se source on Se retention, it seems unlikely the increased Se retention is due strictly to B2-stimulated GSH-Px synthesis.
Trial 4. Pigs fed the B2-unsupplemented diets did not show the expected growth depression (table 6) as reported by Krider et al. (1949) , Forbes and Haines (1952) and Miller et al. (1954) . However, Terrill et al. (1955) did report an inconsistent growth response to B2 supplementation. Although the percentage active erythrocyte GR of pigs fed the B2-unsupplemented diets was lower (P<.03) than that of pigs fed the B2-supplemented diets (table 7) , the values for the unsupplemented pigs were higher in this trial than in trials 1 and 2, indicating that the pigs on the unsupplemented diet in this study may not have been as depleted of B2 at the end of the trial as pigs in trials 1 and 2.
Liver and brain actual weight and as a percentage of body weight were not significantly affected by either dietary treatment (table 6) . Kidney weight (P<.08) and kidney as a percentage of body weight (P<.06) was increased when selenomethionine was fed rather than sodium selenite. Heart weight was not affected by treatments, but as a percentage of body weight, heart was heavier (P<.06) for pigs fed the B2-supplemented diets. These tissue weights showed a less severe effect of feeding the B2-unsupplemented diet in this trial than was reported in trials 1 and 2.
Percentage active erythrocyte GR was increased (P<.03) by B2 supplementation. Heart GR activity tended to be increased (P<.14) by B2 supplementation, but liver, kidney, muscle and brain activities were not affected (table 7) . Brady et al. (1979) reported values similar to these for erythrocytes, liver and muscle. The Se source fed did not affect GR activities in any of the tissues that were assayed.
There was no significant effect of either dietary treatment on tissue GSH-Px activity. However, there were interactions of Se source and B2 supplementation for kidney (P<.03), muscle (P<.03), heart (P<.08) and brain (P<.01), indicating that B2 supplementation increases incorporation of Se from sodium selenite into GSH-Px (table 7) . As discussed earlier, Tappel (1978) has suggested that the flavoprotein GR is involved in GSH-Px synthesis from sodium selenite. The interactions observed here of Se source and B2 supplementation for kidney, muscle, heart and brain tend to support Tappel's hypothesis because B2 supplementation increased tissues in vitro GSH-Px activity when sodium selenite was used as the supplemental Se source, but did not increase in vitro GSH-Px activity when selenomethionine was fed as the supplemental Se source. In vitro GR activity of these tissues was not greatly affected by B2 supplementation; however, Baker et al. (1966) reported that tissues avidly take up circulating B2 when tissue levels are low and that tissues are very slowly depleted of B2 when a deficient diet is fed. Consequently, tissue B2 levels would be expected to decline more slowly than circulating B2 levels when a B2-deficient diet is fed. Percentage active erythrocyte GR was depressed (P<.03) when the B2-unsupplemented diet was fed to the pigs; however, other tissue (liver, kidney, muscle, heart and brain) GR activities were not affected by B2 supplementation.
Tissue Se concentrations were not affected by B2 supplementation (table 7) . Muscle (P<.01), heart (P<.05) and brain (P<.01) Se levels were higher for pigs fed diets with selenomethionine rather than sodium selenite as the Se source. In trial 3 the selenomethioninesupplemented diet with supplemental B2 was 1.5 times more effective as a Se source, based on Se retention, than the sodium selenitesupplemented diet with supplemental B2. Thus, in trial 4 the Se levels of the sodium selenitesupplemented diets were 1.5 times the Se levels of the selenomethionine-supplemented diets. The Se levels in muscle (P<.01), heart (P<.05) and brain (P<.01) of pigs fed selenomethionine supplemented diets were higher than those in pigs fed sodium selenite-supplemented diets. Mahan and Moxon (1978) and Mandisodza et al. (1979) have also reported higher tissue Se concentrations when pigs were fed organic Se sources rather than sodium selenite.
Because GSH-Px activities for muscle, heart and brain were not increased when selenomethionine was fed as the supplemental Se source rather than sodium selenite, it seems that selenomethionine must be incorporated into some other protein in these tissues. Black et al. (1978) have identified two Se-containing proteins in ovine heart, muscle, kidney and liver, but have reported that GSH-Px activity was only associated with one of these peaks. Beilstein et al. (1980) have separated three Se-containing proteins from lamb heart and muscle. Based on chromatographic results, the Se in these proteins must be selenocysteine. Excess selenomethionine may be converted to selenocysteine and incorporated into proteins other than GSH-Px in some tissues and could account for the increased tissue Se concentration without increased GSH-Px activity observed in heart, muscle and brain of pigs receiving selenomethionine in this study. The lack of definite B2 deficiency signs in trial 4 is probably due to the feeding of a starter diet containing 10% dried whey product to these pigs for 1 wk after weaning. The calculated B2 content of this diet is 7.5 mg/kg, which is considerably higher than the 3 mg/kg requirement proposed by NRC (1979) . Furthermore, the rate of loss of B2 from the body once the animal is placed on a B2-deficient diet is quite slow (Baker et al., 1966) .
In conclusion, percentage active erythrocyte GR seems to be a sensitive indicator of B2 status of the pig. Values below 50% must be reached before other B2 deficiency signs become evident. Riboflavin supplementation of B2-deficient diets may increase the retention of absorbed Se and may aid in the incorporation of Se from sodium selenite but not from selenomethionine into GSH-Px.
A higher percentage of the Se consumed as selenomethionine was retained and a larger proportion of the absorbed Se was incorporated into tissues than Se from sodium selenite. Feeding selenomethionine as the supplemental Se source at 67% of the level of Se from sodium selenite resulted in higher muscle, heart and brain Se concentrations than feeding the higher level of Se as sodium selenite.
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